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A BSTRAC T 
An invest igat ion h a s  been  made of ion co l l i s ion  f r e q u e n c i e s  and 
e n e r g y  t r a n s f e r  f o r  conditions of gaseous  t h e r m a l  nonequi l ibr ium.  
Fol lowing the methods  of a development devoted to  e l e c t r o n  co l l i s ions ,  
the  p r o b l e m s  of i on -neu t r a l  and ion-ion e l a s t i c  co l l i s ions  have been 
c o n s i d e r e d  unde r  the a s sumpt ion  of s e p a r a t e  Maxwell ian veloci ty  
d i s t r ibu t ions .  E x p r e s s i o n s  f o r  the nonequi l ibr ium m o m e n t u m  t r a n s f e r  
c r o s s  sec t ions ,  co l l i s ion  f r equenc ie s ,  and e n e r g y  t r a n s f e r  r a t e s  a r e  
given f o r  n e u t r a l  g a s e s  on the bas i s  of a po lar iza t ion  potent ia l  and 
f o r  ions on the b a s i s  of the Coulomb in t e rac t ion .  
of i on -neu t r a l  r e s o n a n c e  c h a r g e  exchange is in t roduced  in i t s  effect  
Next,  the p rob lem 
upon co l l i s ion  c r o s s  sec t ions  and ion e n e r g y  t r a n s f e r  r a t e s .  An 
a n a l y s i s  is m a d e  of g a t h e r e d  l a b o r a t o r y  da ta  to  a r r i v e  a t  sui table  
e x p r e s s i o n s  f o r  the r e sonance  charge  exchange and  m o m e n t u m  t r a n s f e r  
~ 
t t  t + t c r o s s  sec t ions  f o r  H , 0 , He , N2 , and O2 . Using these  r e s u l t s ,  
r e s o n a n c e  c h a r g e  exchange and momentum t r a n s f e r  co l l i s ion  f r e q u e n c i e s  
a r e  de r ived .  The r e s o n a n c e  ion -neu t r a l  e n e r g y  t r a n s f e r  r a t e s  a r e  then 
c o m p a r e d  with e x p r e s s i o n s  used in  p rev ious  s tud ie s  of ion t e m p e r a t u r e s .  
& 
. 
I n  order  t o  d iscuss  the  thermal budget between e l ec t rons  
and ions  and n e u t r a l  gas p a r t i c l e s  i n  the  ionosphere i: i s  necessary 
t o  know a l l  of t h e  energy exchange rates between t h e  d i f f e r e n t  
c o n s t i t u e n t s ,  taking i n t o  account t h e i r  s p e c i f i c  temperature de- 
pendences under condi t ions  of t he rma l  nonequilibrium, The problem 
of energy t r a n s f e r  from an e lec t ron  gas wi th  a Maxwellian v e l o c i t y  
d i s t r i b u t i o n  as a r e s u l t  of e l a s t i c  c o l l i s i o n s  has been discussed 
i n  a previous paper (Banks, 1966) using an equation which is of ge- 
n e r a l  a p p l i c a b i l i t y  t o  problems of e l a s t i c e n e r g y  t r a n s f e r .  I n  t h i s  paper 
t he  study of energy t r a n s f e r  i s  continued with emphasis being placed 
upon the  atmospheric i o n s -  Thus, i n  Sect ion I1 w e  e n t e r  i n t o  a d i s -  
cussion of t h e  c o l l i s i o n  frequenc) and energy t r a n s f e r  equat ions which 
a r e  v a l i d  f o r  elastic ion-neutral  and ion-ion energy t r a n s f e r .  
I n  c o n t r a s t  t o  the  e lec t ron  gas problem, there  e x i s t s  f o r  
ions  a second method of energy l o s s  by means of resonance charge 
exchange which, while  fundamentally elastic i n  na tu re ,  cannot be 
descr ibed by t h e  equation of c o l l i s i o n a l  energy t r a n s f e r .  
of resonance charge exchange between ions arrdtheir parent  n e u t r a l  
gas  is discussed i n  Sect ion 111 wi th  respec t  t o  both c o l l i s i o n  f r e -  
quencies and ion energy processes. 
r a t o r y  and t h e o r e t i c a l  c r o s s  sect ion d a t a  numerical r e s u l t s  f o r  the 
resonance ion-neut ra l  energy t r ans fe r  rates are obtained and compared 
with expressions which have been used i n  d i f f e r e n t  t h e o r e t i c a l  analyses  
of ion temperatures. 
The problem 
Following an ana lys i s  of labo- 
- 2 -  
11.- NONRESONANT ION COLL1SIONS 
The equations descr ibing c o l l i s i o n a l  energy t r a n s f e r  have 
been discussed previously (Banks, 1966) f o r  t he  example of two gases  
with Maxwellian v e l o c i t y  d i s t r i b u t i o n s  charac te r ized  by the  tempera- 
t u r e s  T and T and p a r t i c l e  masses m and m The energy t r a n s f e r  
rate,  dU / d t ,  from t h e  f i r s t  gas i s  given by 
1 2 1 2'  
1 
where n i s  the f i r s t  gas number d e n s i t y ,  k i s  Boltzmann's cons t an t ,  
and v i s  the  average c o l l i s i o n  frequency of a s i n g l e  p a r t i c l e  of 
t h e  f i r s t  type i n  t h e  second gas.  Since t h e  d e n s i t y ,  masses and 
temperatures a re  independent of t he  i n t e r a c t i o n  f o r c e s  between the  
d i f f e r e n t  p a r t i c l e s  i t  i s  seen t h a t  i t  i s  t h e  c o l l i s i o n  frequency 
which must be determined i n  o rde r  f o r  t he  energy t r a n s f e r  rate between 
a r b i t r a r y  types of gases t o  be known. The r e s u l t  i s  (see Banks, 1966) 
1 - 
12 
c 
- 
where n i s  the second gas number d e n s i t y  and Q i s  t h e  average momentum 
t r a n s f e r  c r o s s  s e c t i o n ,  given i n  terms of t h e  v e l o c i t y  dependent mmentum 
t r a n s f e r  cross sec t ion ,  qD, and t h e  i n t e r p a r t i c l e  re la t ive v e l o c i t y ,  g , a s  
2 D 
K P  [5+- 
2 
m 1 2kT2 m 1 * 
8 - 3  - 
With equat ions i l j ,  ( Z j ,  and (3) i t  i s  poss ib l e  t o  berive 
accura t e  expressions f o r  both energy t r a n s f e r  rates and c o l l i f i o n  
f requencies  f o r  gases  of a r b i t r a r y  temperature and p a r t i c l e  mass once 
t h e  v e l o c i t y  dependent momentum t r a n s f e r  c r o s s  s e c t i o n  is  known. Thus, 
the problem of ion  elastic energy loss revolves, e s s e n t i a l l y ,  about the  
choice  of proper  c r o s s  sec t ions  needed t o  desc r ibe  the  i n t e r a c t i o n  be- 
tween t h e  ion gas and the  gas with which it i s  mixed. 
a n a l y s i s  w e  w i l l  be concerned with two p a r t i c u l a r  s i t u a t i o n s  which are 
I n  t he  following 
of some p r a c t i c a l  importance. The f i r s t  involves  the  de r iva t ion  of 
energy t r a n s f e r  rates and c o l l i s i o n  f requencies  f o r  ion-neut ra l  gas 
mixtures  under condi t ions  where t h e r e  are only elastic c o l l i s i o n s .  
Next, we cons ider  the  problem of ion-ion gas mixtures  when each ion 
spec ie s  has  i t s  own sepa ra t e  Maxwellian v e l o c i t y  d i s t r i b u t i o n ,  
1. Ion-Neutral  C o l l i s i o n s  
At l o w  temperatures the most important ion-r.eutra1 i n t e r -  
a c t i o n  arises from an induced dipole  a t t r a c t i o n  which has a poten- 
t i a l  q, = - ae / 2 r  . Here, a i s  t h e  n e u t r a l  atom p o l a r i z a b i l i t y ,  e 
is  the  e l e c t r i c  charge,  and r is the  r a d i a l  s epa ra t ion :  This  peter.- 
t i a l  corresponds t o  t h e  f o r c e  law a c t i n g  between Mawel l i an  molectiles 
and t h e  d e t a i l s  of t he  t ranspor t  c o e f f i c i e n t s  under condi t ions  of ther -  
mal equi l ibr ium are w e l l  knom. I n  p a r t i c u l a r ,  it is found the  c o l l i s i o n  
cross s e c t i o n  is propor t iona l  t o  T -1’2 and t h a t  t h e  c o l l i s i o n  frequency is 
independent of the  temperature.  
2 4  
For temperatures g r e a t e r  than 30°K, t h e  induced d ipo le  fo rce  
of a t t r a c t i o n  i s  countered by a s h o r t  range quantum mechanical repul -  
s ion .  For s u f f i c i e n t l y  high temperatures,  t h e  p o l a r i z a t i o n  con t r ibu t ion  
i s  n e g l i g i b l e  and t h e  c o l l i s i o n  c r o s s  s e c t i o n  becomes nea r ly  cons t an t ,  
y i e l d i n g  a c o l l i s i o n  frequency which v a r i e s  as T 
za t ion  f o r c e ,  which is  independent of the  chemical n a t u r e  of a given 
ion  and depends only upon t h e  atomic p o l a r i z a b i l i t y  of t h e  n e u t r a l  gas ,  
112 
a Unlike t h e  p o l a r i -  
- 4 -  
the nature of the repulsive force is linked directly to the details 
of the ion and neutral orbital electron structure. Thus, variations 
in cross section are to be expected for different ions in the same 
neutral gas at elevated temperatures. 
Because there exist virtually no data for either collision 
frequencies o r  cross sections at high temperatures, the study of ion- 
neutral collisions must be based upon the assumption that the pola- 
rization force is of dominating importance. A detailed evaluation of 
the ion-neutral interaction potential has been made by Dalgarno et al. 
(1958) who terminated the polarization potential at a small atomic 
radius and added an elastic sphere repulsive potential to simulate 
the quantum repulsion effets. 
then compared with reported measurements of ionic mobilities. 
equal ion and neutral temperatures below 300°K the theoretical 
results appear to be accurate. Above 300°K, the detailed variation 
of the momentum transfer cross section depends upon the specific 
ion and neutral gas. 
This theoretical cross section was 
For 
With there being only a few experimental data for tempera- 
tures above 500°K, it is necessary to accept the collision equations 
developed for the polarization force alone as representing the true 
interaction over the entire range of ion and neutral temperatures 
discussed here. 
pendent momentum transfer cross section for singly charged ions to be, 
following Dalgarno, et al. (1958), 
Accordingly, we take the ion-neutral velocity de- 
where a is the neutral gas atomic polarizability, ll is the ion-neutral 
reduced mass, e is the electron charge, and g is the ion-neutral par- 
ticle relative velocity. 
. 
-- using equation (3) the  ~ ~ ~ r a g e  zmsentcn transfer cross sec t ion  
for ion-neutral  c o l l i s i o n s  becomes 
o r  , numerically,  
- T - l /2  + S I  c m  (6) 
n A 
Q, = 13.3 x 10 
where A. and A are the  p a r t i c l e  masses i n  atomic mass u n i t s  ta.m.u.), 
p 
u n i t s  of c m  , and t h e  subscr ip ts  apply t o  ions and n e u t r a l s ,  
respectively. 
1 n 
is t h e  reduced mass i n  a.m.u., a i s  the  atomic p o l a r i z a b i l i t y  i n  
0 
3 A 
For condi t ions  of e q u a l  temperatures the  mass f a c t o r s  of 
equation (6) cance l  and we have 
which agrees  wi th  t h e  va lue  used by Dalgarno, e t  a l .  (1958) i n  t h e i r  
c a l c u l a t i o n s  of ion mobil i ty .  
Using equat ions ( 5 )  and (2) t h e  average ion-neut ra l  c o l l i s i o n  
frequency f o r  energy t r a n s f e r  is  obtained as 
-1 1 /2 - v - 2.6 x 10 -9 n (') sec 8 
i n  
- 6 -  
independent of e i t h e r  gas temperature. 
although we have der ived the  present  expression f o r  t he  average momentum 
t r a n s f e r  c ros s  s e c t i o n  on the  b a s i s  of s epa ra t e  Maxwellian v e l o c i t y  
d i s t r i b u t i o n s ,  f o r  t h e  case  of Maxwellian molecules the  c r o s s  sec t ion ,  
c o l l i s i o n  frequency, and energy t r a n s f e r  rate are independent of t he  
a c t u a l  ve loc i ty  d i s t r i b u t i o n  used. 
Actua l ly ,  as shown by Morse (1963), 
Table 3-7,  taken from Hasted (1964) and Dalgarno(l96la) ,  
g ives  va lues  of t he  atomic p o l a r i z a b i l i t y  f o r  the  atmospheric gases.  
Table 1 P o l a r i z a b i l i t i e s  of Neutral  Gases 
Neutral  gas 
N2 
O2 
H2 
0 
H 
He 
N 
a cm3> 
0 
1.76 
1.98 
0.81 
0.77 
0.67 
0.21 
1.13 
Equation (8) can be  compared wi th  an ion-neut ra l  c o l l i s i o n  
frequency which fol lows from the  work of Chapman and Cowling (1952). 
I n  the  d i f fus ion  of  ions  ac ross  a magnetic f i e l d ,  a c o l l i s i o n  i n t e r -  
v a l  T appears  which can be used t o  de f ine  a c o l l i s i o n  frequency v 
by the  r a l a t i o n  v - 1/7 . The va lue  of T is r e l a t e d  t o  the  ion- 
n e u t r a l  d i f fus ion  c o e f f i c i e n t  which, i n  t u r n ,  can be ca l cu la t ed  
d i r e c t l y  f o r  the po la r i za t ion  p o t e n t i a l .  
ion-neut ra l  c o l l i s i o n  frequency, us ing  the  c r o s s  sec t ion  of Dalgarno, 
d al .  (1958), given by 
This  process y i e l d s  an 
2 1/2 
n m  + n m  i i  n n  
m m  i n  
- 
v -  2.2171 (a e p) i n  
. 
. 
- 7  - 
s ion  frequency, it is  seen that equal i ty  fo:lows only i f  n = n . 
i n 
For e t h e r  d e r s i t y  coxditions, 5n p a r t i c u l a r  where n << n , t he  two 
c o l l i s i o n  frequencies  are R c t  t he  ssme. Dalgarno (1961b) has given 
ion-neut ra l  c o l l i s i o n  frequencies based upon equation (10) under the  
assumption t h a t  I= << r!(n). Fcr thts apprsximation i t  follows t h a t  
h i s  r e s u l t s  arc smaller than those presented here  by t h e  r a t i o  p / m - .  
i n  
i 
i + 
For t h e  example of 0 i n  N t h i s  corresponds t o  a f a c t o r  of 0.64. 2 
Using t h e  ion-neutral  collision frequency given by 
equat ion (8) , the rate of 5 x 1  ecergy t r a n s f e r  i n  a neu t r a l  gas 
is found from equation (1) t o  be 
2 1/2 2 - 2 1  n 
(ape 1 k(T - Tn) dui -= - 3n.n d t  i n  (m. + m )  i 
1 n 
o r  
1 /2 
dui - 13 (PA ao) -3 -1 (Ti- T ) ev c m  sec . - = - 6.8 x 10 n n d t  i n  ( A i + A )  n n 
(12) 
Appropriate values  for  t he  n e u t r a l  gas p o i a r i z a b i l i t i e s  
are given i n  Table 3 and have heen used to obta in  the  energy t r a n s f e r  
rates l i s t e d  i n  Table 2 .  As a consequence of the p a r t i c u l a r  fo rce  
l a w  f o r  ion-neut ra l  c c l l i s i o n s ,  t he  energy t r a n s f e r  r a t e s  depend 
only upon the  d i f f e rence  i n  ion and n e u t r a l  gas temperatures. In  
general  t he re  Is a v a r i a t i o n  by a f s c t o r  of 3.6 between the  d i f f e r e n t  + + 
loss rates considered. Further ,  except f o r  t h e  c o l l i s i o n s  H+ - H e  and He- Ha 
t h e  d i f f e rences  i n  t h e  rates are determined pr imar i ly  by t h e  varying 
mass f a c t o r s  r a t h e r  than t h e  changes i n  atomic p o l a r i z a b i l i t y .  
- a -  
It i s  a l s o  noted t h a t  these  ion energy l o s s  rates are considerably 
l a r g e r  than those found (see Banks, 1966) f o r  e l a s t i c  e l ec t ron -neu t r a l  
c o l l i s i o n s .  As an example we may cons ider  t he  0 - N rate as,  omit- 
t i n g  comaon dens i ty  and temperature f a c t o r s ,  6.6 x 
while  the  e - N  
This  d i f fe rence  of a f a c t o r  of 430 a r i s e s  from the  enhanced ion- 
n e u t r a l  c r o s s  sec t ion  and advantageous mass f a c t o r s  i n  equation ( l ) ,  
+ 
-1 -1 
- 16 3 4 -1 
ev cm3 O K  sec , 
ev c m  O K  sec . r a t e  i s ,  a t  Te = 1000°K, only 1.55 x 10 2 
mit iga t ed ,  of course,  by the  much more rap id  average e l ec t ron  
c i t y .  
Table  2 E l a s t i c  Ion-Neutral  Energy Transfer  Rates 
3 -1 
Col l i s ion  P a i r  -dU, / d t  (ev cm sec 
+ 
+ 
+ 
+ 
+ 
+ 
0 - N2 
0 - o2 
0 - H e  
0 - H  
H - 0  
H - N2 
H+- H e  
+ 
H e  - 0 
+ H e  - H 
+ 
H e  - N2 
- 14 
- 14 
- 14 
- 14 
- 14 
- 14 
- 14 
- 14 
- 13 
- 14 
6.6 x 10 
6.5 x 10 
2.8 x 10 
3.3 x 10 
3.5 x 10 
3.1 x 10 
5.5 x 10 
5.4 x 10 
1.0 x 10 
5.3 x 10 
velo-  
"I?) 
The r e s u l t s  given here  can be compared with va lues  which 
have been used i n  previous s t u d i e s  of ion temperatures i n  the  upper 
atmosphere. 
t he  helium and oxygen ion rates the  va lues  3.3 x 
I n  a recent  paper Willmore (1964) has adopted va lues  f o r  
- 14 and 3.6 x 10 
. - 9  - 
respec t ive ly .  I n  comparing these rates with those l i s t e d  i n  Table 2 
it appears t h a t  Willmore's helium ion cool ing rate, which is based 
upon t h e  d i f fus ion  c o l l i s i o n  frequencies of Dalgarno (1961b), i s  too 
law by a f a c t o r  of 0.63 (see equation 10 and discussion) .  Likewise, 
t h e  oxygen ion energy t r a n s f e r  rate is  too  l a rge  by a f a c t o r  of 1.3. 
2. Ion-Ion Co l l i s ions  
The average momentum t r a n s f e r  c ros s  sec t ion  f o r  two separa te  
ion gases ,  each having i t s  ~ w n  Hamel l i an  ve loc i ty  d i s t r i b u t i o n  is ,  
Banks (1566) , 
where Z are the  r e spec t ive  ion charges and the parameter A i s  given 
182 
by 
2' 
2 %  A -  
z1Z2e 
Ab, Here e i s  the  average energy of r e l a t i v e  motion between ions and 
the plasma Debye length,  is given by 
Equation (13) can be evaluated numerically t o  g ive  
4.4 x In A 3 
cm' . 'D 2 
using the  previous nota t ion .  
- 10 - 
The average ion-ion energy t r a n s f e r  c o l l i s i o n  frequency 
is, from equation ( 3 ) ,  
To f i n d  the  average c o l l i s i o n  frequency of a thermal ion i n  i t s  own 
gas w e  l e t  T = T = Ti and m = m = m Thus, 1 2  1 2  i' 
12 J 
which i s  a f a c t o r  of 4 / 3  l a r g e r  than the  ion c o l l i s i o n  frequency given 
by Chapman (1961) f o r  t o t a l  s c a t t e r i n g  e f f e c t s .  
The t o t a l  rate of energy t r a n s f e r  between two ion  spec ies  having 
Maxwellian ve loc i ty  d i s t r i b u t i o n s  $9 obtained from equation (1) by using 
the average ion-ion energy t r a n s f e r  c o l l i s i o n  frequency given by 
equation (17). Thus, 
4 K n l  n2 e 4 k(T - T2) In A 
- 0 1  dul - 1 
d t  
2.18 x n1 n2(T1- T2) In  A -3 -1 ev c m  sec , dul -3 - d t  
which agrees  wi th  the  r e s u l t  Longmire (1963). Thus, t h e  concept of 
b inary  c o l l i s i o n s  permits t h e  exact desc r ip t ion  of the  ion-ion energy 
t r a n s f e r  rate under the condi t ion t h a t  eacn spec ies  has  i t s  own 
Maxwellian v e l o c i t y  d i s t r ibu t ion .  
A t  this poin t  it is now poss ib le  t o  make a comparison of the  
elastic and resonant ion-neutral  energy t r a n s f e r  rates with t h e  ca l cu la t ed  
ion-ion values .  
i t  is found from Tables 2 and 11 and equation (21) t h a t  t he  ion-ion rates 
are genera l ly  l a r g e r  by a t  least a f a c t o r  of 10 f o r  ion temperatures 
near  1 0 0 0 ° K .  
coupled t o  each o the r  than t o  the n e u t r a l  gases. 
problems involving the  t r a n s f e r  of energy i n  d i l u t e  gases where the  
d i f f e r e n t  d e n s i t i e s  vary widely it i s  necessary t o  so lve  the  hea t  balance 
equat ions d i r e c t l y  i n  order  to evaluate  the  assumption of a s i n g l e  ion 
temperature which is conmon to a l l  t h e  ion spec ies  present .  
If we disregard the  dens i ty  and temperature d i f f e rences  
This  would imply t h a t  t he  ion gases  are more s t rong ly  
However, f o r  s p e c i f i c  
111. - RESONANT ION-NEUTRAL COLLISIONS 
1. In t roduct ion  
Charge exchange exe r t s  a s i g n i f i c a n t  inf luence upon t h e  
momentum t r a n s f e r  c r o s s  sec t ion  and i s  important f o r  both the  problems 
of ion energy t r a n s f e r  and d i f fus ion .  For t h i s  process ,  i t  is found 
t h a t  although the re  is a t r ans fe r  of an electric charge between two 
p a r t i c l e s ,  each tends t o  r e t a i n  i t s  o r i g i n a l  k i n e t i c  energy. Thus, 
even though t h e  i d e n t i t y  of the  ion has changed, t he  reac t ion  is s t i l l  
fundamentally elastic i n  preserving t h e  t o t a l  k i n e t i c  energy. Charge 
- 12 - 
exchange consequently becomes of p a r t i c u l a r  importance t o  the  i s n  
energy balance s ince  i t  can provide a rapid means f o r  ene rge t i c  
i ons  t o  be transformed i n t o  ene rge t i c  n e u t r a l  p a r t i c l e s .  
of the  poss ib le  atmospheric i an -neu t r a l  c o l l i s f o n  p a i r s  it i s  found 
t h a t  t he  p robab i l i t y  f o r  charge exchange is much l a r g e r  than t h a t  
f o r  the  normal gas  k i n e t i c  c o l l i s i o n s .  
l y  ene rge t i c  ion could cool  t o  the  ambient gas  temperature by means 
of mul t ip l e  e l a s t i c  c o l l i s i o n s ,  i t  can lose a l l  of its excess energy 
i n  a s i n g l e  charge exchange reac t ion .  
For many 
Therefore ,  while  an o r i g i n a l -  
Charge exchange a l s o  p l a y s  an important p a r t  i n  enhancing 
the  magnitude of the  momentum t r a n s f e r  c ros s  sec t ion  above those values  
normally assoc ia ted  wi th  high temperature ion-neut ra l  r eac t ions .  This  
ac t ion  a r i s e s  from the  conversion of very s l i g h t l y  glancing c o l l i s i o n s  
i n t o  what appear t o  be nea r ly  direct  impacts wi th  a consequent back- 
s c a t t e r i n g .  Under these  circumstances the re  e x i s t s  a r e l a t i o n  between 
the  charge exchange, qE, and momentum t r a n s f e r ,  q , c r o s s  sec t ions  given 
by Dalgarno (1958) as qD = 2qE. 
high temperatures where the  ion-neut ra l  po la r i za t ion  e f f e c t s  can be 
neglected.  
D 
This  r e l a t i o n s h i p  i s  v a l i d  only for 
An adequate in t roduct ion  t o  the  d e t a i l s  of the  quantum theory 
of resonance charge exchange can be  found i n  Bates (1962). Xn genera l ,  
an exact  so lu t ion  t o  the  problem of 
c r o s s  sec t ion  is n o t  poss ib l e  because of the  u n c e r t a i n t i e s  i n  the  
form of the  energy wave func t ions  f o r  a l l  poss ib l e  energy s t a t e s  of 
two c o l l i d i n g  p a r t i c l e s .  Therefore ,  i t  i s  necessary to r e s o r t  t o  
experimental  r e s u l t s  t o  determine s p e c i f i c  resonance charge exchange 
c r o s s  sec t ions .  
determir.ing the  charge exchange 
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2 .  iiesonanre Cross Sactione - T ? i i e c t q  
Since we are interesed i n  both the  charge exchange and 
momentum t r a n s f e r  c r o s s  sect ions i t  must be noted t h a t  t o  determine 
the f u l l  temperature va r i a t ions  of the  momentum t r a n s f e r  c r o s s  sec- 
t i o n  i t  is no t  adequate t o  use t h e  r e l a t i o n  qD - 2qE. For tempera- 
t u r e s  below a t r a n s i t i o n  region, genera l ly  i n  the  neighborhood of 
5Oo0K8 t h e  momentum t r a n s f e r  cross  sec t ion  is determined l a rge ly  
by the  induced d ipo le  polar iza t ion  force  between the  ion and the  
n e u t r a l  atom. The appropr ia te  c r o s s  sec t ion  f o r  t h i s  i n t e r a c t i o n  
i s  given by equation ( 5 )  8s 
2 1/2 - 2 R / 2  (4.88ae 1 
'D 8 1/2 (Mi + k T  1 n 
For temperatures above the  t r a n s i t i o n  region t h e  po la r i za t ion  
con t r ibu t ion  t o  Q 
exchange enchancenent of  t h e  momentum t r a n s f e r  c r o s s  sec t ion  becomes 
dominant. 
- 
diminishes r ap id ly  and the e f f e c t  of t he  charge D 
This  problem has been discussed by Gosh and S h a m  (1964). 
It has  been shown by Dalgarno (1958) t h a t  t he  v e l o c i t y  dependent 
charge exchange c r o s s  sec t ion ,  qEI can be expressed as 
2 
qE (A - 'log1oE) 8 
f o r  particle energ ies  below 500 ev. 
c h a r a c t e r i s t i c  of a given gas and E is t h e  k i n e t i c  energy of r e l a t i v e  
motion, measured i n  e l e c t r o n  volts (ev). 
temperature v e l o c i t y  dependent momentum t r a n s f e r  c r o s s  sec t ion  can be 
given as 
Here A and B are cons tan ts  
Using qD = 2qE1 t h e  high 
2 = 2(A - B In  E) qD 
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It is important to note that the total cross section for 
momentum transfer is not equal to the sum of the charge exchange and 
polarization contributions. 
effects, the polarization potential and charge exchange action combine 
to form a total cross section whose variation with temperature follows 
closely the individual cross sections in their own regions of dominance, 
In the transition region there is a slight enehancement of the cross 
section to values above those due to either polarization or charge 
exchange, but this extends only over a limited temperature range. 
Thus, for temperatures above the transition region, 
exclusively, to within 1% (Knof, et al., 1964) , by charge exchange, 
while below this point the polarization forces are predominant. This 
effect illustrated in Figure 1 for the specific example oi N2 
collisions. Here the transition region extends , in terms of 
Because there exist mutual interaction 
is determined qD 
+ 
- N2 
r = Ti+ Tn, from 20O0 to 700°K and is centered about the point r = 340OK. 
It is seen that for I'> 750°K there is essentially no contribution t o  
Q from the polarization. 
- 
D 
In order to determine suitable temperature dependent average 
charge exchange and momentum transfer cross sections, it is necessary 
to average equations (23) and (24) over the ion and neutral velocity 
distributions, Thus, 
3 2  3 2  f.f q d v d  v i n  i n  D 
- - 
Q, - 2 Q, - 
where q 
tion function, d v is a velocity space volume element, and the subscripts 
refer to ions and neutrals, respectively. 
is given by equation ( 2 4 ) ,  f is the particle velocity distribu- 
3-r D 
The solution to equation (25) for conditions where Ti= Tn 
has been given by Mason and Vanderslice (1959) and Sheldon (1964) .  
For situations where the ions and neutrals have separate Mamellian 
distributions with T # T it has been possible to generalize these i n  
results to obtain 
- 15 - 
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(26) 
-16 2 - - [ ( A  + 3.96B) - B Loglor] x 10 cm , QE 
where A and B, measured i n  u n i t s  of lom8 cm,  are the  c o e f f i c i e n t s  appearing 
i n  t h e  equation 
qE = (A - B Log 10 E ) 2  (27)  
Following equation ( 2 ) ’  w e  now de f ine  a resonance ion-neut ra l  - 
c o l l i s i o n  frequency, v as R’ 
112 - 
- v R 3 n  = -  n (E) (Ti+ T) QD ’ 
with  m t h e  ion o r  n e u t r a l  p a r t i c l e  mass. I n  a similar manner w e  de f ine  
t h e  average c o l l i s i o n  frequency f o r  charge exchange, v as E’ 
the  f a c t o r  of 413 appearing s ince  w e  d e s i r e  t o  use t h i s  equat ion 
i n  an energy t r ans fe r  equation which i s  analogous t o  equat ion (l), t he  
mass f a c t o r  being omitted.  From equat ions (28) and (29), w e  have 
f o r  t h e  temperature regime where po la r i za t ion  e f f e c t s  are neg l ig ib l e .  
3. Resonance Ion-Neutral Energy Transfer  
The der iva t ion  of t h e  energy t r a n s f e r  ra te  of an ion  gas under 
resonance condi t ions r equ i r e s  the  use  of the  ion con t inu i ty  equat ion wi th  
the charge exchange c o l l i s i o n  frequency, Thus, i n  t he  present  s ec t ion ,  t he  
genera l  equation of c o l l i s i o n a l  energy loss does not  apply.  
The energy loss ra te  of an ion gas fol lows from cons idera t ion  
of t h e  energy balance of ion  production and loss. Thus, 
- 17 - 
where E and E are the  respect ive ion and n e u t r a l  p a r t i c l e  energ ies ,  
U is t o t a l  ion gas energy per u n i t  volume, and v is t he  charge exchange 
c o l l i s i o n  frequency defined by equation ( 2 9 ) .  
Ei n 
- i n 
i E 
I f  we apply the  r e l a t i o n s  - 3kTi/2 and En = 3kT /2, which apply f o r  gases with Haxwellian 
v e l o c i t y  d i s t r i b u t i o n s ,  we obtain 
du i 3 -  -= - - n kv 
d t  2 i E  (Ti- 1 ~ )  , 
-3 -1 - -4 - - 1.3 x 10 ni (Ti- Tn)vB ev c m  sec . - dui d t  (33) 
To apply the  preceding r e s u l t s  t o  obta in  accurate  values f o r  
t he  resonance ion-neutral  c o l l i s i o n  frequencies  and energy t r a n s f e r  
rates i t  is necessary t o  kncw the  charge exchange and momentum t r a n s f e r  
c r o s s  sec t ions  f o r  each ion. Thus, i n  the following sec t ion  an 
ana lys i s  is made of the  experimental and t h e o r e t i c a l  r e s u l t s  for each 
atmospheric ion i n  order  to a r r ive  a t  s a t i s f a c t o r y  values f o r  Q, and Q 
These q u a n t i t i e s  are then used t o  obta in  adequate expressions f o r  the  
appropr ia te  c o l l i e i o n  frequencies and the  ion energy l o s s  r a t e s .  
- - 
E' 
4. Resonance Experimental Croes Sect ions 
A. A t o m i c  Hydrogen 
+ 
The charge exchange reac t ion  H+ + H -* H + H has been s tudied 
ex tens ive ly  becauee of i t s  theo re t i ca l  s impl ic i ty .  
Yadev (1953) made accurate  ca l cu la t ions  using perturbed s t a t i o n a r y  
state wave funct ions.  Dalgarno (1958), i n  c a l c u l a t i n g  t h e  mobil i ty  
of ions in parent  gases ,  was able  t o  reproduce e s s e n t i a l l y  t h e  same 
Dalgarno and 
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r e s u l t s  and compare them with experiment. Gurnee and Magee (1957) 
appl ied the  semi-classical  impact parameter method t o  ob ta in  values  
of the  charge exchange c r o s s  sec t ion  a t  two ion v e l o c i t i e s .  
Ortenburger (1960) found t h e i r  t h e o r e t i c a l  approach gave values  i n  
s u b s t a n t i a l  agreement with those of Dalgarno and Yadev. Later, ex- 
tensions were made by Rapp and Francis  (1962). 
Rapp and 
Experimental d a t a  have been obtained by F i t e ,  e t  a l .  (1960) 
by using beam techniques w i t h  ion energies  as low as 400 ev. 
were la ter  extended by F i t e ,  e t  a l .  (1962) t o  a lower l i m i t  of 20 ev,  
giving c l o s e  agreement with t h e  previous r e s u l t s .  
var ious and t h e o r e t i c a l  measurements are l i s t e d  i n  Table 3. 
The d a t a  
The values  of t he  
For t h e  present purposes, t he  charge exchange c r o s s  sec t ion  given 
by Dalgarno and Yadev (1953) appears t o  represent  t he  best compromise 
between experiment and theory. Thus, using equation (26) 
Table 3 Atomic Hydrogen Chaige Exchange 
+ + H + H - + H + H  
8 
B x 10 8 Source - A x 10 -
Gurnee and Magee 6.78 0.91 
Dalgarno (1958) 6.93 0.82 
(1957) 
(1962) 
Rapp and Francis 6 .OS 0.88 
F i t e ,  e t  a l .  (1962) 7.60 1.06 
w e  ob ta in  f o r  the hydrogen ion charge exchange c r o s s  sec t ion  
- t -16 2 
QE(H ) = [10.2 - 0.82 Loglo x 10 c m  J (34) 
. - 19 - 
while t h e  average momentum t r ans fe r  c ros s  sec t ion  corresponding t o  the  
high temperature l i m i t  i s  
. 
+ 2 - QD(H - c14.4 - 1.16 Loglo r12 x c m  . 
Here, a s h  the  subsequent equations,  - Ti+ Tn. 
(35) 
To determine the  extent  of t h e  temperature t r a n s i t i o n  region 
between t h e  polar iza t ion  and charge exchange dominance of t he  momentum 
t r a n s f e r  c ros s  sec t ion ,  equations (35) and (22) have been examined. 
It i s  found t h a t  t he  temperature t r a n s i t i o n  point  where the two 
asymptotic e f f e c t s  are equal lies near  F = 1OOOK. Thus, f o r  the  case  
of atomic hydrogen, there  i s  e s s e n t i a l l y  no e r r o r  involved i n  assuming 
t h a t  t he  charge exchange cont r ibu t ion  t o  Q 
bined temperatures above 1 O O O K .  
- 
i s  dominant a t  all com- D 
B. A t o m i c  Oxygen 
+ + .. 0 + 0 + 0 The symmetrical charge exchange reac t ion  0 
has  been s tudied  by Dalgarno (1958) using a semi-classical appro- 
ximation f o r  t he  s c a t t e r i n g  phase s h i f t s .  Because the re  w a s  consi-  
derab le  uncer ta in ty  i n  the approximation used t o  express the  i n t e r -  
ac t ion  energy of t h e  ion and atom as a funct ion of the  r a d i a l  sepa- 
r a t ion ,  accuracy w a s  claimed only t o  wi th in  a f a c t o r  of two. 
Knof, e t  a l .  (1964) have made t h e  most d e t a i l e d  s tudy of the  oxygen 
problem by taking e x p l i c i t  account of twelve poss ib le  e l e c t r o n i c  
states of t h e  0 pseudo-molecule. Thei r  r e s u l t s  are l i s t e d  i n  
Table  4 ,  along wi th  those of o thers  authors .  
+ 
2 
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Table 4 Atomic Oxygen Charge Exchange 
o + + o + o + o  + 
Source 
8 A x 10 8 B x 10 
Knof, e t  a l .  (1964) 5.59 0.48 
Dalgarno (1958) 9.38 0.57 
(see a l s o  Dalgarno ; 1964) 
Stebbings,  e t  al .  (1964) 5.88 0.57 
Rapp and Franc is  (1962) 6.16 0.76 
Experimentally,  there  i s  good agreement between the  va lues  given by 
Knof, e t  a l .  and t h e  values  obtained by Stebbings,  e t  a l .  (1964). These 
l a t t e r  r e s u l t s  extend down t o  40 ev and, according t o  Knof, e t  a l . ,  
the  average deviat ion between the  pred ic ted  and measured values  is 
only 5.5%. Therefore,  t he  charge exchange c r o s s  sec t ion  of b o f J  e t  a l .  
w i l l  be used here. 
Using equation (26) the  average charge exchange c ross  sec t ion  
is 
-16 2 GE(O+) = [7.47 - 0.475 Logl&]x 10 cm . 
The t r a n s i t i o n  region between po la r i za t ion  and charge exchange 
dominance has been inves t iga ted .  Figure 2 shows the  momentum t r a n s f e r  c r o s s  
sec t ion  and t h e  extension of the  asymptotic po la r i za t ion  and charge exchange 
cont r ibu t ions .  The t r a n s i t i o n  is found t o  take  place near  l’ = 470OK. 
It follows from f igure  2 t h a t  t he  maximum e r r o r  a r i s i n g  from the  omis- 
s ion  of t he  polar iza t ion  e f f e c t  is 11% a t  r - 470°K and diminishes 
r ap id ly  a t  higher  temperatures.  Thus, f o r  the  computation of the  
momentum t r a n s f e r  c r o s s  sec t ion ,  i t  is poss ib l e  t o  segment the  t r u e  curve 
- 21 - 
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of Figure 2 i n to  two pcr t ions  : one f o r  charge exchange and the  o ther  
po la r i za t ion .  Hence, 
r > 4700K - +  Q,(o = c10.5 - 0.67 ~ o g ~ ~ r ~ ~  x 10 -16 c m  2 
- 13 
2 1.66 x 10 - +  c m  
$12 r < 4 7 0 0 ~  Q,(O = 
C.  Atomic Nitrogen 
(3 7) 
Two der iva t ions  of the  ni t rogen charge t r a n s f e r  c ros s  sec t ion  
have been made. Gurnee and Magee (1957) and h o f J  e t  a1 (1964) obtained 
the  expression 
(38) 
+ -16 2 
qE(N = l5 .53  - 0.46 Loglo c j 2  x 10 c m  , 
which is accepted for the  present  ca l cu la t ions .  
The average charge exchange c ross  sec t ion  is, from equation (26) ,  
+ -16 2 - 
QE(N ) = [7.33 - 0.455 Loglo rI2 x 10 c m  . (39) 
Applying equat ions (22) and (26), i t  i s  poss ib l e  t o  f i n d  
t h e  asymptotic charge exchange and po la r i za t ion  con t r ibu t ions  t o  Q 
However , because the  atomic p o l a r i z a b i l i t y  of atomic n i t rogen  is 
only s l i g h t l y  l a rge r  than t h a t  f o r  atomic oxygen and because the  two 
exchange c r o s s  sec t ions  a r e  almost i d e n t i c a l ,  it is  not  necessary t o  
present  t he  da ta  graphica l ly .  
the t r a n s i t i o n  temperature corresponds to  r - 55OoK and t h a t  the  e r r o r  
a t  t h i s  po in t  in neglec t ing  t h e  po la r i za t ion  con t r ibu t ion  i s  10%. 
for t h e  present  purposes, Q can be taken as 
- 
D. 
For atomic n i t rogen  i t  i s  found t h a t  
Thus, - 
D 
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D. H e l i u m  
Like atomic hydrogen, helium has been the  objec t  of in tens ive  
A paper by Rapp and Francis  (1962) t h e o r e t i c a l  and experimental study. 
sumnarizes t h e  r e s u l t s  of 21  experiments and 4 t heo re t i ca l  s tud ies .  
Table 5 H e l i u m  Charge Exchange 
t 
H + + H  + H  + H e  e e e 
8 B x 10 8 Source A x 10 
C r a m e r  and Simons (1957) 5.25 0.74 
Dalgarno (1958) 5.39 0.62 
Rapp and Franc is  (1962) 4.51 0.68 
Gurnee and Magee (1957) 5.02 0.64 
Hasted (1951) 5.14 0.55 
Chanin and Biondi (1957) 4.93 0.82 
Dalgarno (1958) ca lcu la ted  both ion mobil i ty  and charge 
t r a n s f e r  c r o s s  sec t ions  and compared them with the  experimental no- 
b i l i t y  da t a  of Chanin and Biondi (1957). Agreement w a s  found t o  be 
within 20% a t  the  higher  temperatures. Rapp and Franc is  (1962) applied 
an empir ical  two state model which g ives  good accord with t h e  experi-  
mental d a t a  f o r  energies  above 200 ev. C r a m e r  and Simons (1957) were 
able t o  measure the charge exchange c ross  sec t ion  at  energ ies  down 
t o  16 ev. These d a t a  agree well  wi th  t h e  earlier r e s u l t s  of Hasted (1951) 
and Dil lon,  e t  a1 (1955). The correspondence is very  good between the  
var ious  authors  wi th  a spread of 15% a t  lOOOOK, i f  the  r e s u l t s  of Rapp 
and Francis  are disregarded. The d a t a  of C r a m e r  and Simons l i s t e d  i n  
Table 5 are used here  as represent ing t h e  charge exchange c r o s s  sec t ion .  
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The average charge exchange c r o s s  s e c t i o n  f o r  helium may 
be taken a8 
+ -16 2 - 
Q,(He ) = [8.17 - 0.74 Loglo PI2 x 10 c m  . 
For the  momentum t r a n s f e r  c r o s s  sec t ion  i t  i s  found t h a t  t h e  t r a n s i t i o n  
temperature l i e s  below r = 2OOOK and v i r t u a l l y  no e r r o r  i s  involved i n  
neglect ing t h e  po la r i za t ion  e f f e c t .  Consequently, w e  take 
+ 2 - 
QE(He )=[11.6 - 1.04 Loglo r] x c m  . 
E. Molecular Oxygen 
+ 
2 2 2 2  For the r eac t ion  0 + 0 -+ 0 + 0" t h e r e  appear t o  be no 
t h e o r e t i c a l l y  derived values  f o r  t he  charge exchange c r o s s  sec t ion .  
However, s eve ra l  molecular beam experiments have been conducted with 
energies  below 100 ev giving r e s u l t s  which can be extrapolated t o  
thermal energies .  
Gosh and Sheridan (1957)  obtained c r o s s  sec t ion  da ta  f o r  ion 
ene rg ie s  below 100 ev which agree w e l l  wi th  the  later measurements of 
Stebbings,  e t  al. (1963). The ear l ier  work of P o t t e r  (1954) does 
no t  appear t o  be accurate  i n  comparison, s ince  the  cross s e c t i o n s  given 
are a f a c t o r  of two less than t h e  above authors .  Amme and Utter- 
back (1964) repeated t h e  experiment of Stebbings,  e t  a l .  while  making 
a c l o s e  determination of t h e  dependence of t h e  c r o s s  s e c t i o n s  upon 
the  degree of ion ic  exc i t a t ion .  
t h e r e  w a s  a s i g n i f i c a n t  decrease i n  the  charge t r a n s f e r  c r o s s  sec t ion ,  
i n d i c a t i n g  t h a t  the resonance behavior was e a s i l y  destroyed by small energy 
d e f e c t s  between the exci ted ions  and the  n e u t r a l  gas. 
t h e  va r ious  r e s u l t s .  
A t  high e l e c t r o n  impact ene rg ie s  
Table 6 summarizes 
. 
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" 
For t h e  present  ca l cu la t ions  t h e  d a t a  of Amme and 
Utterback (1964) are accepted. The charge exchange c r o s s  sec t ion  
is 
+ -16 2 - ~ ~ ( 0 ~ )  = [7.51 - 5.4 iogl0r] x io  cm . (43 1 
The r e l a t i v e  importance of the  po la r i za t ion  and charge ex- - 
change e f f e c t s  i n  determining Q can be seen i n  Figure 3 where the  
t ran s it ion 
D 
Table 6 Molecular Oxygec Charge Exchange 
0 + + o2 + o* + o2 +
2 
1'2 - A - B LoglO& qE 
B x 1 0  8 Source A x 10 
Stebbings,  e t  al .  (1963) 5.32 0.65 
Amne and Utterback (1964) 5.37 0.54 
P o t t e r  (1954) 3.82 0.36 
temperature is  1600OK. This  r e l a t i v e l y  high temperature appears to  
be a conseqcense of t h e  small charge exchange c ross  sec t ion  for mo- 
l e c u l a r  oxygen. 
po la r i za t ion  e f f e c t  a t  the  t r a n s i t i o n  temperature i s  10%. Thus, we 
may apprdximate t h e  momentum t r a n s f e r  c r o s s  sec t ion  by 
The maxiaMB e r r o r  a s soc ia t ed  wi th  the  neg lec t  of t h e  
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Theore t ica l  d a t a  
by Gurnee and Magee (1957) 
f o r  charge exchange i n  N2 have been given 
and are l i s t e d  i n  Table 7. 
Table 7 Molecular Nitrogen Charge Exchange 
+ 
+ N2 + N2 N +N2 + 2 
1 /2 A - 1 h g l O E  qE 
8 
Source A x 10 B x l O  
Anne and Utterback (1964) 7.36 0.68 
Stebbings, e t  a l .  (1963) 6.18 0.43 
Gurnee and Magee (1957) 8.28 0.58 
Po t t e r  (1954) 6 .OS 1.26 
A number of experimental s tud ie s  have been conducted, but 
the  problem of ion ic  exc i t a t ion  has been responsible  f o r  incons is ten t  
values.  Stebbings,  e t  a l .  (1963) have made extensive measurements of 
the  charge t r a n s f e r  c ros s  sect ion and have analyzed many of t he  pre- 
vious experimental s tud iee  i n  an e f f o r t t o  determine t h e  sources of 
e r r o r .  
t h e  work of Stebbings,  e t  a l .  leads t o  c ros s  sec t ions  which are too 
law as a consequence of excited molecular ions which are ab le  t o  des- 
t r o y  the  resonance behavior of t he  charge exchange process. 
repeated the  experiment using low energy e l ec t rons  t o  produce the  n i -  
trogen ions found a considerable increase  i n  the  charge exchange c ross  
sec t ion. 
Anme and Utterback (1964) have r ecen t ly  been ab le  t o  show t h a t  
They 
Using the  r e s u l t s  of Armre and Utterback (1964) , the  charge 
exchange c r o s s  sec t ion  a t  thermal energ ies  i s  taken as 
- 28 - 
- -16 
QE(N;) - Clo.1 - 0.68 Loglo rI2 x 10 c m  . (45) 
The behavior of t h e  momentum t r a n s f e r  c r o s s  sec t ion  i s  shown 
i n  Figure 1 where a t r a n s i t i o n  temperature of r = 340°K i s  indicated.  
The maximum e r r o r  involved i n  neglect ing p o l a r i z a t i o n  i s  found t o  
be 9% a t  t h i s  point .  Accepting t h i s  unce r t a in ty ,  t h e  momentum t r a n s f e r  
c r o s s  sec t ion  i s  
5 .  Resonance Ion-Neutral C o l l i s i o n  Frequencies 
With t h e  d e r i v a t i o n  of t he  appropriate  c r o s s  sec t ions  
equations (28) and (29) can now be used t o  f i n d  t h e  charge exchange 
and momentum t r a n s f e r  c o l l i s i o n  frequencies.  The former are of d i r e c t  
importance t o  t h e  problem of resonance ion-neutral  energy t r a n s f e r  whi l s  
the  l a t te r  can be appl ied t o  the  study of ion d i f fus ion .  The r e s u l t s  
f o r  t h e  charge exchange c o l l i s i o n  frequencies  of t h e  atmospheric ions  
are l i s t e d  i n  Table 8. I n  order  t o  compare the  va r ious  values  it i s  
convenient t o  adopt t he  approximation t h a t  I' = 3000OK i n  t he  logarithm. 
This  process leads t o  e r r o r s  of less than 10% f o r  1200 < r < 4000OK. 
Table 9 l i s t s  these reduced charge exchange c o l l i s i o n  frequencies  and 
shows t h a t  there  i s  an o rde r  of magnitude d i f f e r e n c e  between the  ex t r e -  
m m  values .  
Table 8 Average Ion-Neutral Charge Exchange C o l l i s i o n  Frequencies 
Species 
H', H 
o+, 0 
N+, N 
+ H e  , H e  
e;, O2 
-1 
v (ses ) E 
2 
9.5 x 10- l~  n(H) r112 [14.4 - 1.15 Log,,, rl - J.U 
2.3 x n(0) ri12 C10.5 - 0.61 Log,,, r12 
A W  
2.6 x d3 n(N) r112 Cl0.3 - 0.64 Loglo r12 
4.4+ n(He) I'll2 C11.6 - 1.04 Loglo rI2 
1.7 x n(02) r112 [10.6 - 0.76 Loglo r]* 
1.8 x d3 n(N2) r112 [14.2 - 0.96 Loglo r12 
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-1 - v (sec ) E Species 
H - H  + 
0 - 0  + 
N - N  + 
H e  - He 
1.6 x 10-l' n(H) r 1/2 
2.1 x 10"' n(0) r'/' 
2.3 x 10-l~ n(N) rl/' 
4.4 x n(He) + 
0; - o* 1.5 x 10 -11 n(02) r 1 /2 
N l  - N2 2.9 x 10 -11 n(N2) r 1 /2 
The resonance ion  neu t r a l  c o l l i s i o n  frequencies f o r  momentum 
t r a n s f e r  have been obtained and are l i s t e d  i n  Table 10. 
below t h e  t r a n s i t i o n  temperature it has been a s smed  t h a t  only t h e  p o l a r i -  
za t ion  e f f e c t  is present.  
d i f f e r e n t  func t iona l  forms f o r  
d i f f e rences  exist between t h e  d i f f e r e n t  ions  but t h a t  f o r  atoms wi th  
similar e l e c t r o n i c  s t r u c t u r e s ,  such as 0 and N, nea r ly  the  same values  
are found. 
For values of I' 
Hence, a given gas can be charac te r ized  by t v o  
These r e s u l t s  i nd ica t e  s i g n i f i c a n t  
8' 
Table 10 
Species 
H+, H 
o+, 0 
N+, N 
+ He , H e  
Average Ion-Neutral Resonance Momentum Transfer  Co l l i s ion  
Prectuencies 
-1 - 
v (sec ) B 
1.9 x ioo12 n(H)r1I2 (14.4-1.15 Loglor) 2 r c 1 0 0 0 ~  
r > 4 7 0 0 ~  
r c NOOK 
4.7 x d3 n ( o ) P 2  (10.5-0.67 LoglCr) 2 
8.0 x 10-l' n(0) 
r > ~ O O O K  8.7 x 10'13n(He)r1'2 (11.6-1.04 Loglor) 2 
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Species 
6 .  Resonance lon-Neutral  Energy Transfer  
The charge exchange c o l l i s i o n  frequencies  given i n  Table 8 have 
been used t o  der ive the  ion energy loss rates l i s t e d  i n  Table 11. 
s impl i f i ca t ion  has again been made, however, by not ing  t h a t  t h e  c o l l i -  
s ion c r o s s  sec t ions  f o r  resonance charge exchange vary  only s l i g h t l y  
f o r  the  normal range of ionospheric ion  and n e u t r a l  temperatures. 
Thus, t he  average value I' = 3 0 0 0 O K  has  been chosen f o r  the  logari thmic 
term of the  c ros s  sec t ion .  
A 
Table 11 Resonance Ion-Neutral Energy Transfer  Rates 
-3 -1 (ev c m  sec ) 
H 
0 
N 
He 
O2 
N2 
- dUi = - 1.4 x 
d t  
n(H+) n(H) (Ti+ T)'12 (Ti- T) 
- dUi = - 2.1 x lO"' n(0') n(0) (Ti+ T)'12 (Ti- T) 
d t  
dU - - - 2.1 x lo-'' n(N+) n(N)(Ti+ T)'12 (Ti- T) d t  
dui + - - - 4.0 x lo-'' n(He ) n(He)(Ti+ T)'12 (Ti-T) d t  
- dui = - 1.4 x lo-'' n(02) + n(02)(Ti+ T)'12 (Ti' T) 
d t  
. 
- 31 - 
These reacllt~ be canpared w i t h  values adopted i n  several 
s t u d i e s  of charged p a r t i c l e  temperatures. Hanson (1963) has used an 
oxygen ion energy l o s s  rate of 
-3 -1 dU(O+- 0 )  
a t  =-1.82 x n(0) n(O+) (Ti- Tn) ev c m  sec , 
(47) 
based upon the  c o l l i s i o n  frequencies of Dalgarno (1961b). Analysis 
of t h i s  equation i n d i c a t e s  t h a t  it was  der ived f o r  a temperature of 
3 0 0 O K  and, f u r t h e r ,  t h a t  it w a s  based upon the  momentum t r a n s f e r  
c r o s s  sec t ion  r a t h e r  than t h e  charge exchange c ross  sec t ion .  How- 
eve r ,  because Dalgarno's momentum t r a n s f e r  c r o s s  sec t ion  i s  too l a rge  
by a f a c t o r  of 2.7 - 3.0 (Knof, e t  al .  1964), t h e  f i n a l  r e s u l t  is 
l a r g e r  than t h e  present  va1t.e by t h e  f a c t o r s  2.2 - 1.4 over t h e  t em-  
pera ture  range 1600 < r C  3600Ok. 
Another c a l c u l a t i o n  of t h e  oxygen ion  cool ing rate has  been 
made by Dalgarno (1963). He f inds  
+ 
dUi(O - 0 )  -3 -1 
= - 4.47 x n(0) n(O+)(Ti- T) ev c m  sec . 
(48) 
d t  
Comparing t h i s  equation wi th  tha t  obtained from Table 11, it i s  seen 
t h a t  t h e  present  energy t r a n s f e r  rate is l a r g e r  by t h e  f a c t o r  
4 . 7 ~ 1 0 - ~ $ ' ~  which, for temperatures i n  t h e  range 1600O < I' < 3600OK, 
varies between 1.9 - 2.8. 
Willmore (1964) has ca lcu la ted  t h e  e f f e c t  of helium reso- 
nance charge exchange upon t h e  cooling of helium ions.  H i s  r e s u l t  is 
+ -3 -1 dUi(Her- He)  
d t  = - 1.19 x n(He ) n(He) (Ti- T) ev c m  sec . 
- 3 2  - 
From Table 11, the  corresponding eqt;atfon from t h e  present  d a t a  is 
l a r g e r  than equation (49) by the  f a c t o r  3.4 x 10 r. Fox tempera- 
t u r e s  between 1600OK < r < 36OO0K, t h i s  f a c t o r  v a r i e s  between 1.4 and 
2.0. A t  higher temperatures an increas ing  divergence w i l l  be noted.  
-2  
Further  c a l c u l a t i o n s  of resonance ion-neut ra l  energy t r ans -  
f e r  rates are not  known t o  have been made. 
IV.- SUMMARY 
The primary purpose of t h i s  paper has been t o  present  a 
c o n s i s t e n t  development of t he  problems of ion  energy t r a n s f e r  and 
c o l l i s i o n  frequencies.  Knowledge of these  f a c t o r s  is needed f o r  
any d e t a i l e d  study of t he  thermal behavior of ions  i n  a d i l u t e ,  par- 
t i a l l y  ionized plasma, 
upon ion-neutral  and ion-ion c o l l i s i o n s  where resonance charge 
exchange is not an important f ac to r .  Using a genera l  equation of 
energy t ransfer ,  adequate expressions f o r  c o l l i s i o n  frequencies  and 
energy t r a n s f e r  rateswcre obtained. For ion-neut ra l  c o l l i s i o n s  i t  
w a s  necessary t o  use  a momentum t r a n s f e r  c r o s s  sec t ion  appropr ia te  
t o  an ion-neutral  po la r i za t ion  i n t e r a c t i o n .  Thus, while  t he  present  
r e s u l t s  are probably accura te  f o r  temFcratures below 300°K, the  t r u e  
behavior a t  high temperatures must remain i n  doubt u n t i l  adequate 
experimental  s tud ie s  have been made. 
I n  t h e  f i r s t  s ec t ion  emphasis w a s  placed 
The ion-ion c o l l i s i o n  frequency and energy t r a n s f e r  rate have 
been computed d i r e c t l y  from the  coulomb p o t e n t i a l .  Under condi t ions  of 
equiva len t  p a r t i c l e  d e n s i t i e s  t h e  ion-ion energy t r a n s f e r  rate i s  found 
t o  be an order  of magnitude l a r g e r  than the  l i s t e d  ion-neut ra l  rates. 
The problem of resonance c o l l i s i o n s  between an ion and i t s  
parent  neu t r a l  particle has been discussed.  Appropriate equat ions have 
I 
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been developed f o r  t he  thermal nonequilibrium c o l l i s i o n  frequencies  
f o r  both charge exchange and momentum t r t n s f e r .  
ion energy t r a n s f e r  r a t e s  f o r  charge exchange must dominate a t  tem- 
pera tures  above t h e  polarization-charge exchange t r a n s i t i o n  region. 
For a l l  of t h e  ions ,  w i t h  the  exception of 0 t he re  is  l i t t l e  e r r o r  
involved i n  ignoring t h e  po la r i za t ion  cont r ibu t ion  t o  Q 
shnncphere. 
It w a s  shown t h a t  
2 ’  - 
i n  t h e  D 
I n  genera l ,  both t h e  nonresonant and resonant ion-neutral  
energy t r a n s f e r  rates show only a small dependence upon the  gas 
temperatures. The resonance behavior leads t o  r a t e s  which are 
somewhat l a r g e r  than those found f o r  e l a s t i c  c o l l i s i o n s .  
Since t h e  ion-neutral  energy t r a n s f e r  rates are genera l ly  
much l a r g e r  than e lec t ron-neut ra l  and, i n  a similar fashion,  e lec t ron-  
ion energy t r a n s f e r  is much slower than ion-ion energy exchange, f o r  
an ex te rna l  source giving heat t o  e l ec t rons  i n  a weakly ionized p las -  
m a  t h e r e  w i l l  be a complex s e t  of r e l a t i o n s  needed t o  a r r i v e  a t  
equi l ibr ium values  of the  e l ec t ron ,  ion and n e u t r a l  gas temperatures. 
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